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Abstract Coke drums are vertical pressure vessels used in the delayed coking
process in petroleum reﬁneries. Signiﬁcant temperature variation during the de-
layed coking process causes damage in coke drums in the form of bulging and
cracking. There were some studies on the fatigue life estimation for the coke
drums, but most of them were based on strain-fatigue life curves at constant tem-
peratures, which do not consider simultaneous cyclic temperature and mechanical
loading conditions. In this study, a fatigue testing system is successfully devel-
oped to allow performing thermal-mechanical fatigue (TMF) test similar to the
coke drum loading condition. Two commonly used base and one clad materials
of coke drums are then experimentally investigated. In addition, a comparative
study between isothermal and TMF lives of these materials is conducted. The
experimental ﬁndings lead to better understanding of the damage mechanisms oc-
curring in coke drums and more accurate prediction of fatigue life of coke drum
materials.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1404106]
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Coke drums are vertical pressure vessels used in the delayed coking process in petroleum
reﬁneries and oil sands plants. They are normally constructed of carbon or low carbon alloy steels
and internally clad with SA 240 TP 410S or TP 405 stainless steel to protect the coke drums from
corrosion. They range in size from 4 to over 9 m in diameter and 25 to over 40 m in height. The
maximum shell thickness varies from 14 to 42 mm.1
During each operational cycle, several operational phases are involved which include steam
testing, vapor heating, oil ﬁlling, and water quenching. The temperatures measured on the shell
of the coke drum vary from ambient to 482◦C. The severe cyclic thermal-mechanical load makes
coke drums susceptible to damage. There are studies on the fatigue life estimation for the coke
drums,2–4 and these are based on base metal under uniaxial isothermal fatigue lives which do
not consider cyclic temperature conditions. Xia et al.5,6 conducted a ﬁnite element study on heat
transfer and stress analysis of coke drum for a complete operating cycle. It is found that signiﬁcant
stress and strain values are observed at the clad of the coke drum, which can exceed the yield limit
of the material. Therefore, the fatigue life evaluation of coke drum based only on base material
is not sufﬁcient. The more accurate evaluation of the fatigue life behavior should be carried out
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under loading conditions similar to the operational condition, such as under thermal-mechanical
cyclic loading.
In this paper, two commonly used base and one clad materials of coke drums are investi-
gated under the thermal-mechanical cyclic loadings. In addition, a comparative study between
isothermal and thermal-mechanical fatigue (TMF) lives of base and clad materials is conducted.
Experimental Setup A TMF testing system has been successfully designed and installed in
our lab, as shown in Fig. 1. The system mainly consists of a closed-loop servo-controlled hy-
draulic MTS testing machine, which is used as a principal loading frame, an induction heating de-
vice, a control system, and gripping ﬁxtures. The TMF testing involves a temperature cycling. By
positioning the conductive material such as metal specimen inside the working coil, the specimen
can be heated up at adjustable rate. Because the working coil provides an open environment, this
approach also offers an opportunity to install active specimen cooling (for example, forced air) to
achieve desired cooling rate. To minimize the dynamic thermal gradient along the axial-direction
of the specimen during the rapid thermal cycling, the arrangement of two separate working coils
was optimized to yield minimum thermal gradient within the gauge length.
Fig. 1. Picture of TMF system load train.
Materials and Test Program Table 1 lists the tested two base and one clad materials. The
TMF tests were conducted under strain-controlled condition, and in-phase thermal-mechanical
loading was applied at a rate of 0.02 Hz. The temperature is cycled between 100◦C and 480◦C.
Uni-axial strain-controlled isothermal low cycle fatigue (ILCF) tests were also carried out at
480◦C for comparative purpose. All tests were conducted at fully-reversed cyclic loading con-
dition (R= εmechmin /ε
mech
max =−1).
Result To clearly compare the fatigue lives under thermal-mechanical and isothermal load-
ings, the total strain verse fatigue lives can be written into Cofﬁn–Manson–Basquin’s (CMB)
Table 1. Tested coke drum materials
Material SA387 Gr 22 SA 204 Gr C SA 240 TP 410S
Nominal chemical/% Cr: 2.25, Mo: 1.00 Cr: 0.25, Mo: 0.50 Cr: 13.00
Plate Base Base Clad
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relation as7–9 Δε/2 = Δεe/2+Δεp/2 = σ ′f(2Nf)
b/E+ ε ′f(2Nf)
c, where Δεe/2 and Δεp/2 are the
elastic and plastic strain amplitude, respectively, 2Nf is reversals to failure (2 times cycles to fail-
ure), σ ′f is fatigue strength coefﬁcient, b is fatigue strength exponent. ε
′
f is the fatigue ductility
coefﬁcient, and c is the fatigue ductility exponent.
Figures 2(a)–2(c) show the comparisons of ILCF and TMF lives of SA 387, SA 204C, and
TP410S, respectively. The TMF life of SA 387 becomes slightly shorter than ILCF at 480◦C up
to mechanical strain amplitude of 0.4%. The fatigue lives for ILCF at 480◦C and TMF coincide
between mechanical strain amplitude of 0.004 and 0.006. Thereafter, the TMF curve is a little
higher than that of ILCF. Overall, for SA 387, the TMF fatigue curve is very close to the ILCF fa-
tigue curve at the same maximum temperature of 480◦C. The TMF life of SA 204C is longer than
that of ILCF at 480◦C up to mechanical strain amplitude of 0.8%. This means that, if prediction of
the TMF life of SA 204C is based on the ILCF fatigue curve at 480◦C, it will yield a conservative
prediction as shown in Fig. 2(b). In contrast, the TMF life of TP 410S is evidently shorter than
ILCF at 480◦C by a factor of two, see Fig. 2(c). To investigate this observation, a microstructure
exam was carried out on tested ILCF and TMF specimens. As shown in Fig. 3(a) the transgranular
crack is observed on ILCF specimen. However, for specimen under thermal-mechanical loading,
an intergranular crack is observed as seen in Fig. 3(b). In the meantime, multi-microcracks were
spotted on the TMF specimen (Fig. 3(c)). Therefore, creep damage has more inﬂuence on the
fatigue life of TP 410S under thermal-mechanical loading.
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Fig. 2. Plot of isothermal and thermal-mechanical fatigue lives.
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Fig. 3. Microstructures of tested ILCF and TMF 410S: (a) ILCF 480◦C 0.33% strain, (b) and (c) TMF
0.35%.
By comparing the TMF lives of all three materials in Fig. 2(d), the base SA 204 has the longest
fatigue life and the clad TP 410S has the lowest fatigue life. This is in consistent with the ﬁeld
observations that most cracks in coke drums were initiated from the clad layer.
Summary In this study, low cycle fatigue tests of two base and one clad materials of coke
drum are investigated. A comparative study between isothermal and thermal-mechanical fatigue
lives of these materials is conducted. From the results, it is shown that TMF fatigue life is very
close to the ILCF life at the same maximum temperature of 480◦C for SA 387 and SA 204 base
materials. However, the TMF life of TP 410S is evidently shorter than ILCF at 480◦C by a factor
of two. From the microstructural exam of ILCF and TMF specimens, creep damage could has
more inﬂuence on the fatigue life of TP 410S under the thermal-mechanical cyclic loading.
It should be pointed out that in this paper only fatigue lives of pure coke materials are tested.
The failure mechanisms of coke drums as a clad structure can be much more complicated. For
example, the bulging (ratcheting), the interface between the base and clad, welds, etc., can have
signiﬁcant effect on the fatigue life of coke drums. Further researches are still carrying on in our
lab.
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